This study was intended to identify changes caused by short-term reduced feed intake in rats such as may occur with unpalatable feed or other forms of anorexia. For 2 wk, groups of rats (lO/sex/group) were fed ad libitum (control group) or given 75% (mildly restricted group), 50% (moderately restricted group), or 25% (severely restricted group) of the amount of feed eaten the day before by controls. The control group and mildly restricted group grew steadily, but the terminal body weights of the mildly restricted group (both males and females) were only about 80% of controls. The moderately restricted group did not grow during the first week but grew slightly during the second week (terminal body weights about 65% of control). The severely restricted group lost weight throughout the study (terminal weight about 40% of control). Restricted groups exhibited hemoconcentration directly related to the degree offeed restriction. White blood cel1 counts were reduced (principally due to lymphopenia) in severely restricted rats. Platelet counts were decreased in al1 restricted groups. Total serum protein concentration was reduced (decreased globulins) in al1 female restricted groups and in the severely restricted males. The severely restricted rats had increased serum bilirubin, electrolyte derangements, and (in females only) decreased cholesterol. Thymus and liver weights (absolute and relative) were decreased in the moderately and severely restricted groups. Al1 the feed-restricted groups had an increased incidence of superficial gastric erosions. The mildly and moderately restricted groups had slightly decreased hematopoietic tissue in sternal bone marrow, while the severely restricted group had bone marrow necrosis, thymic atrophy, and mild testicular degeneration. Findings in the severely restricted group were distinct from those in the other groups on the basis of their severity and were considered adverse. Changes in the mildly and moderately restricted groups were considered adaptive and innocuous since feed restriction of this degree has historical1y been associated with increased longevity and decreased disease incidence in chronic studies.
INTRODUCTION
A dose-related decrease in feed consumption occurred in a 2-wk range-finding toxicity study in rats in which 4 dosages of a test compound were mixed in the diet. At the highest dosage, the rats reduced their intake to about 10% that of the control group and became emaciated; all either died or were killed for humane reasons before the scheduled study termination. Significant lesions in these animals were bone marrow necrosis, lymphocytolysis and lymphoid depletion in the thymus, acute nephrosis, decreased spermatogenesis, hepatocyte vacuolation, and increased single cell necrosis in the liver. Decreased platelet counts, increased serum urea (but decreased creatinine), and increased serum cholesterol, especially in females, were also observed. In the lower dosage groups (all of which survived), changes included decreased hematopoietic tissue in the marrow with concomitant replacement by fat, thymic lymphoid depletion, vacuolation of the adrenal zona fasciculata, and increased single hepatocyte necrosis.
In the preceding study, it was impossible to distinguish between effects of our test compound and those associated with inanition. The existing literature on short-term feed restriction was of limited usefulness because of differences in the parameters measured and/or because the degree offeed restric- TOXICOLOGIC PATHOLOGY The mean feed consumption of group I was calculated daily. The amount of feed given to individuals in groups 2, 3, and 4 was 75, 50, and 25%, tion did not approximate the severity of anorexia encountered in our problematic study (11-13, 16, 22) . The study described in the remainder of this article was designed to help resolve these dilemmas. Communication with our colleagues from other institutions suggested that studies similar to the one we report here have been considered, and possibly conducted, in response to similar uncertainties. We hope that the data presented here will obviate the need for some of these studies and thereby reduce the overall number of animals used.
In the study that is the subject of this article, groups of rats received progressively restricted amounts of feed compared to an ad libitum fed control group for 2 wk. Many of the parameters commonly used in subacute toxicity studies were measured. Our most severely restricted group received only 25% of the feed consumed by the control group. This contrasts to the degree of restriction typically used in chronic studies (60% of ad libitum) where the objective is different (i.e., to study the effects of feed restriction on longevity and spontaneous disease). On the other hand, restriction to 25% of ad libitum is less than that which occurred spontaneously in our original study (10% of controls), but humane considerations dictated that we not purposefully limit our rats to that degree. The animals were observed daily with the intent to sacrifice any that appeared to be in significant distress or sick; however, overt signs did not occur.
MATERIALS AND METHODS
Forty Charles River Sprague-Dawley CD rats (Portage, MI) of each sex were used in this 2-wk study. The rats were between 4 and 5 wk old at the initiation of the study. Animals were housed individually in suspended stainless steel, wire-mesh cages in a temperature-, humidity-, and light-controlled (12 hr-light-dark cycle) room. Animals were acclimatized to laboratory conditions for 10 days prior to the study start.
Rats of each sex were blocked by body weight and randomly assigned to 1 of 4 groups (10/sex/group). On study day 1, mean body weights were 133 g for each male group and 102 g for each female group. The experimental groups were designated as follows based on allowable feed intake: Feed Intake 100% 75% of control 50% of control 25% of control respectively, of the mean amount eaten by the control group on the previous day. The feed (Purina Certified Rodent Chow 5002 meal) was delivered each day during the light part of the light-dark cycle. Feed cups remained with the animals until the next day. Municipal tap water was available ad libitum. Body weights were measured before, during, and at the end of the study.
On the morning of the last study day, the animals were briefly anesthetized with ether (after an overnight fast), and blood was collected from the retroorbital venous plexus to measure the following: aspartate aminotransferase (AST), alanine aminotransferase (ALT), and alkaline phosphatase (ALP) activities; glucose, urea, total protein, albumin, globulin, sodium, potassium, chloride, calcium, cholesterol, creatinine, and total bilirubin concentrations; red and white blood cell counts (RBCC and WBCC, respectively); hemoglobin concentration; hematocrit; mean corpuscular volume (MCV); mean corpuscular hemoglobin (MCH); mean corpuscular hemoglobin concentration (MCHC); differential smear evaluation; and platelet count. Clotted samples or hemolysis sometimes reduced the number of data points per group below 10. The small size and dehydration of the severely restricted females (group 4) often limited the amount of blood that could be obtained for clinical chemistry, so only 1 or 2 data points were available for some parameters in this group. After blood collection, the rats were allowed to recover from the anesthetic.
A short time later on the same day, all animals were anesthetized a second time with ether and killed by exsanguination from the abdominal aorta. Tissue samples from the following organs were taken for histopathologic examination (organs weighed fresh are in italic): adrenal gland, bone and marrow (sternum), brain. heart. kidney, liver, stomach, testes, and thymus. All tissues were fixed in buffered 10% formalin (Carson's fixative) except the testes, which were fixed in Bouin's solution. Tissues were embedded in paraffin, stained with hematoxylin and eosin, and examined by light microscopy.
Parameters were statistically analyzed (separately for each sex) based on a priori parameter-by-parameter decisions as to whether the analysis should be parametric or non parametric and whether the test should look for increases only, decreases only, or both. These decisions are specified later. All parameters were analyzed using trend tests. When significant (indicating an effect in the severely restricted group), these tests were repeated omitting the data from the high-dose group to determine whether or not there was also an effect in the next highest dose group. The repeat tests were always one-sided in the direction of overall trend (even for parameters whose 15 -5 0 5 10
Days in study 04---T"""""---"--"""T"--"T"""---f - -g 50 CO initial tests were two-sided), and this process was continued until either a nonsignificant result was obtained or all treated groups were found to differ from controls. The Welch trend test (15) was used for parametric testing. This encompassed the following parameters: hematocrit, hemoglobin, platelets, RBCC, WBCC, albumin, calcium, cholesterol, chloride, glucose, potassium, sodium, total protein, globulin, and all absolute organ weights including total body weight (all two-sided tests).
A version of the x-bar square trend test (2) that uses normal scores rather than ranks was used for non parametric testing. This encompassed the following parameters: MCH, MCV, absolute lymphocytes, absolute neutrophils, absolute monocytes, ALP, and all organ: body weight ratios (all two-sided); absolute basophils, absolute eosinophils, ALT, AST, creatinine, total bilirubin, and urea (all for increases only); and MCHC (for decreases only). The severely restricted group lost weight throughout the study. At the end ofthe study, mean body weights (Table I) of males in groups 2,3, and 4 were 77,62, and 38%, respectively, that of the control group. Mean body weights of females in groups 2, 3, and 4 were 82, 66, and 42%, respectively, that of the control group at day 15.
Complete hematologic data are given in Table II . RBCCs along with hematocrit and total hemoglobin concentration were increased in proportion to the degree of dietary restriction. Mean cell volume was slightly decreased in all feed-restricted groups; however, this was only statistically significant in males. Restricted females, however, had slightly less hemoglobin per cell than controls. In contrast to the increased erythron, the WBCCs of the severely re-
RESULTS
Mean feed consumption for the male controls gradually rose from 18.7 g/day at the study start to a maximum of 24.2 g/day near the end; the mean ofall days was 21.8 g/day. Consequently, the amount of feed given to male groups 2, 3, and 4 averaged 16.4, 10.9, and 5.5 g/day, respectively. Control females ate from 14.9 to 18.0 g/day (overall mean 17.1 g/day) while females in groups 2, 3, and 4 received averages of 12.9, 8.6, and 4.3 g/day.
None of the rats died nor did they exhibit adverse clinical signs aside from growth retardation. Rats of the severely restricted group (group 4, 25% of control feed) became restless and somewhat aggressive.
The shapes of the body weight curves for males and females were nearly identical, so only that for males is shown ( Fig. 1 ). The mildly restricted group (group 2, 75% of control feed) grew steadily, but body weight lagged behind controls. The mean body weight of the moderately restricted group (group 3, 50% of control feed) remained level during the first week and increased slightly during the second week. stricted group were markedly decreased. All white blood cell types were reduced (but the greatest effect was on lymphocytes). Platelet counts were decreased in all restricted groups. Complete serum chemistry results are given in Table III . Increases were registered in some groups for the serum activities of AST, ALT, and ALP. Because the changes were of small magnitude and did not consistently reflect the degree of feed restriction, they were considered equivocal. Serum glucose was increased in all feed-restricted groups but failed to achieve statistical significance in males. Serum urea was increased in the severely restricted males; although there were only 2 data points from the females in this group, both were elevated. Total serum protein was decreased in all the restricted female groups (however, in group 4, n = I) and in the severely restricted male group; the decreases were mostly associated with decreased globulin levels. Total bilirubin was increased in the severely restricted groups of both sexes. Serum electrolyte derangements were also encountered in the severely restricted groups; the changes included decreased potassium and calcium and increased chloride concentrations. Serum cholesterol was decreased in severely restricted females but not in males; this was the only apparent sex difference in clinical chemistry.
Organ weight data are given in Table IV . All organ weights of the severely restricted group were reduced, consistent with the profound effect on body weights. Several organ weights were also reduced in the mildly and moderately restricted groups. Relative organ weightswere calculated using body weights taken at the time of necropsy, after an overnight fast. Relative as well as absolute weights of thymus and liver were decreased, suggesting they were atrophied. The thymus showed a marked weight decrease in the severely restricted groups of both sexes and in the moderately restricted males, also. The relative liver weights were decreased in all restricted groups, although the differences were not statistically significant. The relative weights of the other organs were unchanged or increased, suggesting that they were spared and that the bulk of the body weight decreases lay in loss of fat, muscle, and water.
Lesions attributable to the feed restriction were found in the bone marrow, thymus, stomach, and testis. Except as indicated later, incidences are for males and females combined (n = 20, 10/sex/group). Histological lesions were graded on a scale of slight (l), mild (2), moderate (3), marked (4), and severe (5) .
The most biologically significant histological change associated with feed restriction affected the bone marrow. Hematopoietic tissue decreased in sternal bone marrow with incidence and severity directly related to the degree offeed restriction ( Fig.  2a-e ). The incidences were 7/20, 15120, and 20/20 for the mildly, moderately, and severely restricted groups, respectively. In groups 2 and 3, slight to moderately decreased hematopoietic tissue was principally recognized as an increase in the proportion of the central marrow cavity occupied by fat. The appearance and organization of remaining hematopoietic cells was normal, however. Marrow of the severely restricted group (group 4) was devoid offat (body depots having been completely ablated) and had moderate to severe degeneration and necrosis ( Fig. 3) , which involved both hematopoietic and stromal elements. Hematopoietic tissue was estimated to be only 10-25% of control. Sinusoids were congested and there were focal hemorrhages where sinusoidal walls were broken. Supporting stromal cells were usually vacuolated and in many specimens they were randomly necrotic. The remaining hematopoietic tissue contained all cell types to some extent, but there was a preponderance of mature neutrophils. These often had hypersegmented nuclei and more intensely stained cytoplasm than control (toxic granulation). Occasional necrotic hematopoietic cells were randomly distributed. Emperipolesis ofneutrophils within megakaryocyteswas common (Fig. 4) . In some specimens, otherwise empty sinusoids contained networks of fibrin strands.
All of the severely restricted rats (group 4) had thymic involution or atrophy ( Fig. 5a-e ). The effect was greater in females, where 7/ I°had severe (grade 5) changes. At grade 5, the architecture was effaced; all that remained of the thymus was stroma filled with foamy macrophages along with Hassle's corpuscles and a few residual lymphocytes. Only I male had this degree of thymic change. The other group 4 rats had lesser changes consisting, progressively, of macrophages containing tingible bodies ("starry sky" appearance), depletion of lymphocytes from the cortex, increasing numbers and prominence of Hassle's corpuscles, and obscuring of the demarcation between cortex and medulla. In groups 2 and 3, a few animals had a slight increase in the numbers of foamy macrophages in the cortex, but otherwise their thymuses were normal.
Testicular changes were observed in 4 group 4 males. Two of these had mild degeneration of seminiferous epithelium (sloughing and presence of giant spermatids), and the other 2 merely had reduced numbers of spermatids in randomly distributed tubule cross-sections.
Focal red discolorations of the gastric glandular mucosa or bloody contents in the stomach were seen at necropsy in 2120, 5/20, and 9120 of the rats in groups 2, 3, and 4, respectively. Slight focal super-TABLE IlL-Study days 16-17; arithmetic means with SDs and group sizes. ficial erosions of the glandular mucosa of the stomach were found histologically in one control and in 5120, 2120, and 5120 of the rats in groups 2, 3, and 4, respectively .
No feed-restriction-related changes were observed in adrenal gland, brain, heart, kidney, or liver .
DISCUSSION
The findings of greatest biological importance associated with feed restriction in this study were the adverse effects on the bone marrow and the thymus. Mild or moderate feed restriction (groups 2 and 3) caused progressively decreasing hematopoiesis in the marrow. Quantitative assessment of femoral marrow by Ogawa et al (11) from rats under similar but not identical conditions of feed restriction showed a clear reduction in the number of nucleated cells. As the amount of hematopoietic tissue declined in our rats, the amount of marrow fat increased. Since these animals had diminished amounts of body fat, it appears that the marrow is a preferred storage site . Fat in the marrow probably provides physical support by occupying the space left by the declining hematopoiesis as well as by contributing to a biochemical and nutritional microenvironment favorable to the remaining cells. In the severely restricted group (group 4), both marrow fat and extramedullary fat were depleted.
Severe derangements of the marrow microenvironment brought on by malnutrition and the loss of physical support by fat evidently led to the bone marrow damage observed only in the severely restricted group. The marrow not only had a decreased amount of hematopoiesis and fat, but many of the remaining cells were degenerated or necrotic. Depletion of hematopoietic tissue and fat in marrow with replacement by mucoid material (serous atrophy) in starving animals and people is well recognized by pathologists. Frank marrow necrosis has not been frequently recognized in these conditions but may , in fact, be a common feature (18) . Hemorrhages and the presence of fibrin strands were further indicators of marrow injury. The generalized marrow injury that occurred with caloric restriction in this study should be easily differentiated from toxicity directed at individual cell lines where islands of necrotic cells may be surrounded by viable hematopoietic tissue.
Severe marrow changes of the type observed in this study are apparently a function of age as well as nutritional status. Similar marrow changes were noted in another paper when young rats (weighing 35-40 g to start) were subjected to feed restriction identical to our severely restricted group (25% of control for 2 wk), but only moderate marrow changes were seen in young adult (200-240 g) or old rats (22) .
An interesting feature of the bone marrow injury was the emperipolesis of leukocytes, principally neutrophils, into megakaryocytes. Many pathologists have observed this in debilitated animals and people. The ultrastructural features were nicely described by Lee (10) , who found that while the leukocytes were enveloped by the megakaryocytes, they actually remained outside the megakaryocyte plasma membrane. Since most debilitated animals are also anorexic, it seems entirely possible that caloric inadequacy may be a common factor for this phenomenon.
Decreased circulating neutrophils, monocytes, and platelets reflected the bone marrow depression. Although the erythroid series was also decreased in the marrow, there was no detectable decline in circulating RBCC because ofthe much longer life span of erythrocytes. Hemoconcentration also contributed to the lack of a detectable decline in RBCC. The hemoconcentration was apparently due to mild dehydration. A subacute feed restriction study with a design similar to ours was accompanied by voluntary decreases in water consumption in rats (12) . This contrasts to a chronic feed restriction study in which rats apparently adapted and showed no difference in total water consumption from controls (6) . Increased serum chloride and urea concentration may also be due to the mild dehydration; there was no evidence of renal injury or malfunction. Because of hemoconcentration, the observed mild decreases in serum globulins may actually be more severe than they appear. The long life span of erythrocytes may account for the slightly decreased MCV since younger (and hence larger) red blood cells were entering the circulation at a reduced rate, shifting the population to older and smaller red blood cells. Stress, mediated by steroid release from the adrenal cortex, has long been known to be a cause of thymic involution/atrophy and also lymphopenia. Zbinden (21) and Zbinden and Studer (22) reported depletion of splenic lymphoid follicles and lymphopenia after severe feed restriction but did not mention the thymus. The decreased serum globulins in our rats may have been secondary to lymphopenia. Stress probably accounts for thymic atrophy, lymphopenia, and decreased serum globulins in our severely restricted groups. Protein/calorie deficiency (17, 19) , and even specific dietary deficiencies such as zinc (8, 14) have been associated with thymic involution. These conditions are also associated with increased plasma steroid concentrations in rats (5, 14, 20) . Steroid release may be the final common pathway for most conditions leading to lymphoid atrophy. Stress, through corticosteroid release, may also have been responsible for the development of mild gastric erosions (l, 3) and elevated serum glucose (9) .
There is a large literature on the effects of longterm mild to moderate feed restriction in rodents, especially directed at the study of aging, longevity, and tumor development. This was well summarized in a symposium that led to a monograph on the subject (7) . There is also a large literature on the effects of starvation (complete food deprivation). In contrast, the literature on moderate to severe feed restriction relevant to subacute toxicity studies is small. We found only 5 papers with relevant study designs (11-13, 16,22) ; the paper by Zbinden (21) contains an English language review of the work reported by Zbinden and Studer (22) . These studies differed from ours and each other in substantive ways that complicate but do not negate comparisons. Design differences include the duration, degree, and method of calculation of feed restriction, the strain of rats, and the parameters measured. Histological examination was done in only 1 ofthese other studies (22) .
Where appropriate clinical pathologic evaluations were made in the other studies, certain findings were consistent with ours. Hemoconcentration and reduced WBCC with lymphopenia were universal. A slight decline in MCV was observed in 2 studies (11, 12) . A reduction in total serum protein was also a commonality, but the other investigators did not report on the serum globulin component. Our ob-servations of increased chloride and decreased cholesterol were each matched by a single investigator, the others not having reported on these. Differences from our findings also occurred in the other studies, Whereas glucose was increased in our rats, the opposite was true in 2 of the other studies (12, 13) . This discrepancy may be the result of differing durations of feed restriction (or time of feeding, as addressed in the following paragraph). Our blood samples were collected after 2 wk of restriction and, as we have already speculated, elevated glucocorticoids from a stress reaction may have caused the increased serum glucose. In the other studies, the samples were collected after 4 or 5 wk, by which time the stress reaction may have abated and decreased glucose could result from inadequate caloric intake and depleted glycogen stores. Other discrepancies included decreased potassium in our study but increased potassium in another (13) and equivocally increased serum enzymes (AST, ALT, and/ or ALP) in our study but decreased enzymes in others (12, 13) .
A factor that may have subtly affected some of the clinical pathology outcomes was the time of feeding of the restricted groups versus that of the controls. Although not monitored, it is likely that the restricted animals ate shortly after being presented feed during the light portion of the light-dark cycle, whereas unrestricted rats are known to eat primarily during the dark portion of the cycle (6) . All the rats in our study were fasted overnight before blood collection and necropsy. Thus, the final eating time for the ad libitum versus the restricted groups may have been offset by 12 hr before blood collection. While this feature of the study design may make it inappropriate for the strictest type of physiological comparisons, we believe that mimicking the morning feed delivery ofa typical toxicity study was more conducive to our objectives.
We interpret organ weights as reflecting an organspecific effect when both the absolute and relative weights change in the same direction, that is, both increase (reflecting hypertrophy) or both decrease (reflecting atrophy). By this standard, in our study only the thymus weight was definitively affected. Thymus weight was also decreased in 2 previous restriction studies (11, 12) . In a preceding paragraph, we ascribed thymic atrophy to stress. This effect on the immune system is, of course, one of the main reasons that starvation and malnutrition lead to increased susceptibility to infection. Although the absolute and relative liver weights were decreased, the relative weights did not reach statistical significance. Despite this, the liver weight effect is apparently genuine since decreased liver weight (absolute and relative) was common to the 4 studies noted in the preceding paragraph. The decrease in liver weight was not reflected by histological changes in our study. Morphometry was not used to measure hepatocytes, but hepatocyte atrophy, if it occurred, might result in subtle alterations of xenobiotic metabolism, so the importance of a real decrease in liver weight (as indicated by decreased absolute and relative values) should not be dismissed. Indeed, caloric restriction has been shown to alter xenobiotic metabolism and metabolic enzymes (4, 9) .
We believe that our findings, especially when considered in conjunction with the cited literature, will be useful to all those engaged in safety assessment studies, particularly when anorexia or poor dietary palatability are encountered in subacute studies. Findings in our study that we consider of greatest biological significance include the following: When feed intake is 75 or 50% ofcontrol, there is decreased hematopoietic tissue and increased fat in the sternal marrow, and when intake is only 25% of control, there is marrow necrosis; thymic atrophy is especially severe in females; neutropenia, lymphopenia, and thrombocytopenia are reflections of the marrow and lymphoid system lesions; dehydration is reflected in hemoconcentration and electrolyte derangements; and liver atrophy is reflected in decreased absolute and relative weights. Other changes occurred but were considered less consequential.
Lesions seen when feed intake was reduced to 25% of control were severe. In our opinion, the animals would have succumbed to these changes in a few weeks had the feed restriction continued, despite the fact that they showed no overt clinical deterioration during the 2 wk. On the other hand, the changes seen when intake was 50 or 75% that ofthe controls were mild and unlikely to have had long-term adverse consequences. In fact, feed restriction in the range of our mild to moderate groups has routinely been associated with increased longevity in lifetime studies and decreased disease in aging animals (7) .
